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 ABSTRACT 
 
Block copolymer self-assembly presents a method for pattern and template 
application on the 10 to 50 nm length scale. However, the research in this area has 
been limited to the use of only one block copolymer per layer due to the damage and 
intermixing when spin coating of a second polymer layer. Here we propose a new 
method that neatly solves the intermixing problem by using a fluorinate photoresist 
and solvent system. The microdomain orientation within the block copolymer film can 
be controlled by solvent vapor annealing. And we also observed an improvement of 
the long-rang order of the microdomains by depositing the block copolymer into 
lithographical patterned trenches. This orthogonal patterning method allows for the 
deposition of multiple block copolymers, with ordered microdomains, adjacent to each 
other on the same layer. The self-assembled patterns can be transferred to the substrate 
and propose a potential route for the next-generation lithography.  
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!!!!!!!CHAPTER!1!!CONTROL!OF!ORIENTATION!AND!LONGE1RANGE!ORDER!WITHIN!SELF1ASSEMBLED!BLOCK!COPOLYMER!FILMS!! !
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1.1#Introduction#! Block!copolymers!have!received!increasing!interest!due!to!their!distinct!ability!to!self1assemble!and!form!features!at!nanometer!length!scales[1115].!The!architecture!of!a!block!copolymer,!which!consists!of!two!or!more!homopolymer!segments!that!are!immiscible!with!each!other,!enables!phase!separation!into!periodic!domains.!Typical!dimensions!of!the!microdomains!range!from!5!to!50!nm,!which!is!difficult!to!achieve!using!other!materials!and!methods.!These!self1assembled!structures!can!be!further!transformed!to!create!templates!that!can!be!used!in!many!research!areas.!For!example,!the!continuous!demand!of!smaller!feature!size!in!today’s!semiconductor!industry!has!been!limited!by!expensive!equipment!and!materials[16].!!It!is!extraordinarily!difficult!for!conventional!UV!lithography!to!achieve!pattern!sizes!smaller!than!20!nm,!while!the!microstructures!formed!spontaneously!by!block!copolymers!stand!out!as!a!promising!tool!for!advanced!lithography!without!the!need!to!continuously!invest!money!in!expensive!tools.!! Self1assembly!is!facilitated!by!imparting!mobility!to!polymer!chains!so!they!may!move!and!reorient!to!form!periodic!domains!whether!in!the!melt,!solid!state!or!solution.!This!can!be!achieved!by!many!methods,!such!as!thermal!annealing,!solvent!vapor!annealing,!or!application!of!electric!field!and!shear!force.!Thermal!annealing!is!the!most!generally!used!technique!involving!heating!the!block!copolymer!above!its!glass!transition!temperature!to!induce!long!range!order.!Solvent!vapor!annealing!is!another!effective!method!for!block!copolymer!systems!that!are!not!capable!with!thermal!annealing.!The!solvent!vapor!acts!as!plasticizer!by!swelling!the!polymer!
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domains!and!thus!lowering!the!glass!transition!temperature!of!the!system,!enabling!a!phase!separation!to!occur.!!! However,!many!applications!of!block!copolymer!self1assembly!have!been!restricted!by!lack!of!spatial!control!over!the!periodic!microdomains!formed!by!a!block!copolymer.!It!critical!in!block!copolymer!self1assembly!applications!to!understand!how!to!pattern!microdomains,!to!achieve!registration!and!to!determine!the!degree!of!order!achieved.!In!this!chapter,!we!briefly!overview!some!commonly!used!techniques!to!control!and!pattern!the!block!copolymer!microdomains!in!order!to!fulfill!different!requirements!regarding!their!application!in!different!areas.!!
1.2#Block#copolymer#phase#behavior#! Block!copolymers!are!a!specific!class!of!copolymer!that!consist!of!two!or!more!distinct!polymer!segments!covalently!bound!to!each!other!to!form!a!single!chain[17].!The!simplest!form!is!the!linear!AB!diblock!copolymer!in!which!two!homopolymer!chains!are!bonded!covalently!in!the!center.!The!diblock!copolymer!system!has!been!studied!extensively!for!its!ability!to!phase!separate!and!form!microstructures!both!experimentally!and!theoretically[18121].!!! The!two!segments!of!diblock!copolymer!tend!to!demix!while!the!covalent!bonds!in!the!middle!of!the!chain!prevent!macroscopic!phase!separation.!The!repulsive!interaction!is!characterized!by!the!value!of!χN,!where!χ!is!the!Flory1Huggins!interaction!parameter!and!N!is!the!degree!of!polymerization[22].!When!χN!exceeds!a!critical!value,!a!microphase!separation!can!be!observed!until!equilibrium!is!established.!For!strongly!segregated!polymers,!the!equilibrium!morphology!is!!
!4!
!!!!!!!!
!!Figure!1.1!Equilibrium!morphologies!by!phase!separating!of!diblok!copolymer.!With!increasing! volume! fraction! f! of! phase! A! (blue),! the! morphology! can! be! sphere,!cylinder,! gyroid! and! lamellae! (Adapted! from! ref.! 11.! Copyright! 1999! American!Institude!of!Physics).!! !
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determined!by!the!volume!fraction!f"of!one!block[20].!Figure!1.1!shows!schematic!morphologies!of!a!typical!diblock!copolymer!system!predicted!by!self1consistent!mean1field!theory.!This!theory!is!based!on!the!balance!between!the!repulsive!polymer1polymer!interactions!versus!the!elastic!restoring!force!energy!for!a!particular!microphase!structure[23].!The!results!of!these!calculations!can!be!converted!and!plotted!as!a!phase!diagram,!as!shown!in!Figure!1.2.!! The!size!of!the!periodic!microdomain!scales!with!the!molecular!weight!of!the!block!copolymer.!The!period!spacing!L0!is!found!to!follow!the!power!law!L0~Nα,!where!α!is!equal!to!2/3!for!the!strong!segregation!limit!(SSL),!1/2!for!the!weak!segregation!limit!(WSL)!and!varies!between!0.8!to!0.83!in!the!intermediate!segregation!regime!(ISR)[23126].!A!typical!scale!of!the!morphology!ranges!from!20!to!50!nm[27].!It!is!difficult!for!high!molecular!weights!polymer!to!phase!separate!due!to!entanglement!and!limit!chain!mobility.!The!smallest!feature!size!is!limited!by!a!small!value!of!χN!(N!is!small!for!low!molecular!weight!polymer),!which!means!a!lack!of!sufficient!driving!force!for!phase!separation!to!take!place.!!
1.3#Control#of#microdomain#orientation#and#long>range#order#! There!have!been!numerous!reports!utilizing!a!self1assembled!block!copolymer!nanostructure!as!nanoreactors,!nanoporous!matrices,!as!well!as!templates!for!subsequent!high1resolution!lithography.!For!many!technical!applications,!long1rang!order!of!domain!orientation!is!necessary.!However,!the!microdomains!in!the!bulk!state!normally!have!grain!size!of!about!a!micron!and!have!!!
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!!!!
!Figure! 1.2! An! illustration! of! a! hypothetical! phase! diagram! for! block! copolymers,!with! the! volume! fraction! plotted! as! a! function! of! the! Flory1Huggins! interaction!parameter! χN,!with! symbols! corresponding! to! the!morphologies! shown! in! Figure!1.1.!(Adapted!from!ref.!23.!Copyright!2006!American!Chemical!Society.)!! !
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random!orientations,!which!is!not!useful.!Therefore,!various!strategies!have!been!used!for!achieving!large!area!orientation!of!block!copolymer!microdomains.!!
1.3.1#Control#of#film#thickness#and#surface#properties#! When!block!copolymers!form!thin!films!on!a!substrate,!the!morphology!is!affected!by!the!film!thickness!as!well!as!the!substrate/polymer!and!air/polymer!interactions[28135].!It!has!been!found!that!a!symmetric!PS1b1PMMA!diblock!copolymer!will!form!lamellar!microdomains!that!orient!parallel!to!the!surface!when!deposited!on!a!native!oxide!surface!of!a!silicon!wafer.!The!PMMA!wets!the!silicon!substrate!since!the!polar!block!of!PMMA!prefers!to!make!contact!with!the!hydrophilic!oxide!surface,!while!the!PS!lamellae!assemble!at!the!air!interface!due!to!a!lower!surface!energy!of!the!non1polar!PS!block[28].!!! Despite!the!preferential!wetting!of!the!surface,!the!film!thickness!has!also!been!found!to!influence!the!morphology!formed!by!the!PS1b$PMMA!diblock!copolymer!system[36,!37].!When!the!film!thickness!is!commensurate!with!the!periodic!spacing!L0!of!the!block!copolymer!(thickness=(n+1/2)!L0),!the!lamellar!morphology!will!form!parallel!to!the!substrate!surface!as!described!above[28].!However,!if!the!film!thickness!doesn't!follow!this!relationship,!a!unique!island!and!hole!structure!is!formed!to!minimize!the!total!energy!by!quantizing!the!local!film!thickness.!!However,!Morkved!and!Jaeger!observed!a!change!in!the!orientations!of!the!lamellar!morphology!when!the!films!thickness!is!about!equal!to!the!block!copolymer!periodic!spacing!(thinkenss~L0)[38,!39].!As!we!can!see!from!Figure!1.3!a,!the!lamellar!!!
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!!Figure!1.3!TEM!images!of!symmetric!PS1PMMA.!Light!domains!correspond!to!PMMA!and!dark!domains!to!PS.!(a)!Uniform!thickness!t=L0.!(b)!Coexisting!morphologies!in!a! film!with! thickness! gradient! range! from!3/2!L0!(left)! to! 1/2!L0!(right).! (Adapted!from!ref!38.!Copyright!1997!EDP!Sciences.)!! !
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morphologies!arise!from!the!substrate!and!form!perpendicular!orientations!within!a!film!as!thick!as!L0!after!annealing!at!155!°C.!While!for!a!film!containing!a!thickness!gradient!from!1/2!to!3/2!L0,!they!observed!coexistence!morphologies!of!perpendicular!lamella!and!disordered!PMMA!domains.!!
1.3.2#Application#of#external#fields#! External!fields!have!been!widely!used!to!align!the!block!copolymer!microdomains!with!their!ability!to!tune!the!microstructure!and!control!long1range!order!in!the!bulk!state.!!
1.3.2.1#Thermal#annealing#and#temperature#gradient#! For!applications!in!lithography,!the!block!copolymer!is!generally!spin1coated!on!top!of!a!silicon!substrate.!However,!the!rapid!evaporation!of!the!solvent!during!the!spin!coating!step!leaves!a!non1equilibrium!microstructure!with!random!order.!Thus,!a!subsequent!treatment!of!the!block!copolymer!is!important!to!remove!the!defects!and!tune!the!microstructure.!Thermal!annealing!is!the!most!commonly!used!technique!carried!out!simply!by!heating!the!polymer!film!above!the!glass!transition!temperature!of!both!blocks!in!order!to!provide!the!polymer!chains!enough!mobility!to!move!and!reorient[40145].!The!temperature!must!be!lower!than!the!decomposition!temperature!of!the!block!copolymer!to!avoid!degrading!of!the!blocks.!Kramer!and!coworkers!have!found!a!best!condition!to!thermal!anneal!PS1b1P4VP!block!copolymer!by!heating!the!film!above!the!order1disorder!transformation!temperature[46].!At!this!condition,!the!polymer!blocks!mix!with!each!other,!remove!
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defects!and!forms!larger!grains.!A!very!sharp!interface!between!the!blocks!is!formed!upon!phase!separation!by!cooling!the!film!below!the!order1disorder!transformation!temperature.!! Even!though!thermal!annealing!can!improve!the!morphology,!it!does!nothing!to!help!align!the!block!copolymer!microdomain!to!gain!long1range!order.!Hashimoto!and!coworkers!have!shown!that!a!sharp!and!slowly!moving!temperature!gradient!could!be!used!to!align!PS1b1PI!block!copolymer[47150].!This!process!is!very!similar!to!the!“zone1refinement”!method!and!a!single1crystal1like!lamellar!grain!was!grown!with!the!lamellae!normal!parallel!to!the!temperature!gradient.!Jones!and!coworkers!have!also!shown!the!utilization!of!a!sharp!temperature!gradient!(17!°C/mm)!to!anneal!a!cylinder!forming!PS1b1PMMA!block!copolymer[51,!52].!However,!the!annealing!temperature!is!between!the!glass!transition!temperature!and!the!order1disorder!transformation!temperature,!the!so!called!“cold!zone!annealing!(CZA)”.!Figure!1.4!shows!the!AFM!image!after!this!CZA!process!at!different!moving!velocity.!For!the!sample!moving!at!1!μm/s!(Figure!1.4!d),!they!observed!an!almost!defect1free!single1grain1like!block!copolymer!microdomain!with!long1range!order!along!the!temperature!gradient!at!a!scale!of!2!μm.!!
1.3.2.2#Solvent#vapor#annealing#! For!some!block!copolymers,!it!is!not!possible!to!use!thermal!annealing!techniques!since!the!decomposition!temperature!of!the!block!is!much!lower!than!the!glass!transition!temperature.!Solvent!annealing!is!an!alternative!way!to!gain!!!
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!Figure!1.4!AFM!phase!images!and!cylinder!orientation!maps!(below)!of!PS1b1PMMA!films!annealed!with!push!velocity!of!a)!100!μm/s,!b)!40!μm/s,!c)!5!μm/s!and!d)!1!μm/s.!Defect!density!decreases!dramatically!with!decreasing!velocity.!Scale!bars!in!all! images! are! 500!nm.! (Adapted! from! ref! 51.! Copyright! 2007!American!Chemical!Society.)!!! !
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polymer!mobility!without!using!heat.!When!the!solvent!vapor!swells!the!polymer!film,!it!acts!as!a!plasticizer,!which!decreases!the!polymer’s!glass!transition!temperature.!The!polymer!chains!can!gain!mobility!and!are!able!to!undergo!an!order1order!transformation!even!below!room!temperature[53,!54].!An!example!is!the!low!defect!density!perpendicular!cylinder!morphology!achieved!by!exposing!PS1b1PEO!block!copolymer!to!benzene!and!water!vapor!for!two!days[55].!! Another!great!advantage!of!solvent!vapor!annealing!over!the!thermal!annealing!is!the!ability!to!control!the!block!copolymer!domain!morphology!through!a!choice!of!solvents.!For!example,!PαMS1b1PHOST!block!copolymer!with!a!volume!fraction!29!%!of!the!PαMS!block!annealed!in!THF!vapors!formed!a!parallel!oriented!cylindrical!morphology,!while!a!spherical!morphology!is!observed!when!the!film!is!annealed!in!acetone!vapor[56158].!The!reason!for!this!is!that!THF!is!a!good!solvent!for!both!blocks,!while!acetone!is!not!a!good!solvent!for!PαMS!blocks,!though!we!have!found!it!to!be!a!good!solvent!for!the!PHOST!homopolymer.!Consequently,!acetone!will!preferentially!swell!the!PHOST!block!in!the!swollen!state!and!induce!the!order1order!transition!from!cylindrical!to!spherical!morphology.!The!resulting!morphology!may!be!kinetically!trapped!in!the!dry!state.!!
1.3.2.3#Application#of#electric#field#and#shear#force#Russell!and!coworkers!have!demonstrated!that!a!vertically!oriented!cylindrical!PMMA!domain!orientation!by!applying!a!DC!electric!field!(30140!V/μm)!perpendicular!to!the!film!surface!while!heating!the!polymer!film!above!its!glass!transition!temperature[59].!They!also!proposed!that!the!driving!force!for!alignment!is!
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the!orientation1dependent!polarizability!of!the!original!anisotropic!microdomains.!! Shear!alignment!is!advantageous!over!other!techniques!since!the!process!is!simple!and!easily!applicable!to!large!areas.!The!response!and!dependence!of!spherical,!cylindrical!and!lamellar!microdomains!to!orientation!under!shear!conditions!have!been!extensively!studied!and!established[60163].!Angelescu!and!coworkers!used!shear!flow!to!align!polystyrene1b1poly(ethylene1alt1propylene)!(PS1
b1PEO)!to!form!cylindrical!and!spherical!PEP!microdomains[64,!65].!PDMS!was!used!to!impose!shear!stress!on!the!films!with!shear!being!applied!at!a!temperature!between!the!glass!transition!temperature!and!the!order1disorder!transformation!temperature.!The!film!contained!single!layers!of!PEP!cylinders!that!can!be!aligned!parallel!to!the!shear!direction!with!long1range!order!(Figure!1.5!a!and!b)[64].!But!due!to!a!lack!of!mechanical!anisotropy!in!a!hexagonal!lattice,!a!single!layer!of!spherical!domain!cannot!be!aligned!by!shear!force.!Two!or!more!layers!of!spheres!were!required[65167].!Shear!alignment!is!good!for!applications!that!do!not!require!perfect!long1range!orders.!!
1.3.3#Topographic#patterning;#Graphoepitaxy##! The!topographic!guiding!patterns,!created!by!the!conventional!photolithography,!can!be!utilized!to!help!align!the!microdomain!of!the!block!copolymer!to!gain!lateral!order!within!the!film.!!Sibener!and!coworkers!have!reported!a!simple!approach!for!spatial!alignment!of!cylindrical!microdomains!using!topographic!patterns!created!by!electron!beam!lithography!and!reactive!ion!etching!(RIE)[68170].!When!an!!
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!!!
!Figure!1.5!a)!AFM!image!of!polymer!films!by!shear!aligning.!The!arrow!indicates!the!shear!direction.! b)!Another! image! acquired!8!mm!away! from!a).! c)! Polymer! films!annealed! without! shearing! yields! fingerprint1like! patterns.! d)! Schematic! of!monolayer! cylindrical!microdomain.! (Adapted! from! ref!64.! Copyright!2004!Wiely1VCH.)!! !
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asymmetric!PS1b1PEP!block!copolymer!film!is!deposited!on!an!unpatterned!substrate,!the!polymer!forms!random!fingerprint!like!cylindrical!morphology!with!no!long1range!order.!While!aligning!the!block!copolymer!inside!the!topographic!patterns,!aligned!cylinders!parallel!to!the!sidewall!of!the!patterns!forms.!Aligned!cylinders!are!observed!on!both!troughs!and!crests!of!the!patterns.!Park!and!coworkers!demonstrated!control!of!perpendicular!oriented!lamellar!microdomains!by!creating!topographic!patterns!with!tailored!wetting!properties[71].!When!the!bottom!surface!is!neutral!to!both!PS!and!PMMA!blocks!while!the!sidewalls!are!selectively!wetted!by!one!of!the!blocks,!an!orientation!of!lamellar!domains!parallel!to!the!sidewall!and!perpendicular!to!the!bottom!surface!is!achieved!(Figure!1.6!a).!When!both!the!sidewalls!and!the!bottom!are!neutral!for!both!blocks,!the!lamellar!domains!orient!perpendicular!to!both!the!substrate!and!sidewalls!(Figure!1.6!c).!The!perpendicularly!oriented!lamellar!microdomains!can!be!used!to!create!line/space!patterns!for!lithography!applications.!The!dimension!of!the!topographical!features!has!also!been!shown!to!influence!the!microstructures!of!the!block!copolymer!film[721
74].!!
1.3.4#Chemical#epitaxy#! Heterogeneous!chemical!surface!patterns!can!also!act!as!guides!for!the!formation!of!well1ordered!block!copolymer!microdomains.!It!must!be!taken!into!account!that!matching!the!length!scale!of!the!surface!heterogeneity!with!periodicity!is!important!to!achieve!low!defect!density!morphologies[75].!The!Nealey!group!has!focused!on!using!chemical!patterns!to!direct!the!self1assembly!of!PS1b1PMMA!block!!
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!!!!
!Figure! 1.6! Lamellar! structures! of! symmetric! PS1b1PMMA! on! topographically!patterned! substrate.! a)! The! sidewalls! are! preferentially! wetted! by! the! PS! block,!while!the!bottom!surface!is!made!neutral!to!both!blocks.!b)!Lamellar!microdomain!orients! parallel! to! the! bottom! surface.! c)! The! sidewalls! are! treated! with! neutral!brush! and! the! lamellar! morphology! ! of! b)! transforms! to! perpendicular! to! both!sidewall!and!bottom.!(Adapted!from!ref!71.!Copyright!2007!Wiley1VCH.)!! !
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!!!!!!!
!Figure! 1.7! Schematic! flow! of! the! direct! self1assembly! using! chemical! guiding!patterns.!(Adapted!from!ref!79.!Copyright!2003!Nature!Publishing!Group.)!! !
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copolymers[76178].!The!general!patterning!process!is!described!in!Figure!1.7[79].!They!patterned!the!photoresist!layer!using!extreme!ultraviolet!interferometric!lithography!(EUV1IL)!and!transferred!the!patterns!to!the!underlying!self1assembled!monolayer!(SAM).!!The!resulting!substrate!has!chemically!patterned!stripes!of!polar!and!nonpolar!regions!that!could!be!used!as!sites!to!attract!the!PMMA!and!PS!domains,!respectively.!Defect1free!alignment!of!perpendicular!oriented!lamellar!domain!over!large!areas!was!achieved!using!this!method.!!!
1.4#Summary##! The!self1assembly!of!block!copolymers!to!form!nanostructures!is!attractive!since!its!ability!to!readily!achieve!nanoscale!feature!size!over!large!areas!is!of!interest!in!many!research!fields.!These!nanostructures!can!be!made!as!nanodevices!themselves,!or!act!as!templates!for!the!fabrication!of!other!functional!materials.!!However,!there!is!still!a!great!deal!of!research!to!be!done!to!make!full!use!of!this!technique.!! Although!different!methods!to!control!orientation!and!improve!the!order!within!the!block!copolymer!films!have!been!described!in!this!chapter,!the!application!in!advanced!lithography!is!still!limited!by!defects!and!lack!of!long1range!order!of!the!self1assembled!morphology.!Future!work!is!still!needed!to!create!new!block!copolymer!systems!and!patterning!techniques!to!gain!better!control!of!the!domain!over!the!nanometer!scale.!!! The!continuous!pursuit!of!the!Moore’s!Law!reveals!our!demand!for!even!smaller!feature!size.!But!the!lower!size!limit!of!the!self1assembled!structures!is!
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limited!by!insufficient!driving!force!to!induce!phase!separation!of!smaller!molecular!weight!block!copolymer.!Laser!spike!annealing[80],!which!has!already!been!used!to!anneal!photoresist!materials!to!reduce!the!line!edge!roughness,!may!offer!enough!driving!force!since!it!can!generates!an!extremely!sharp!temperature!gradient.!!! Recently,!some!work!has!been!reported!to!incorporate!nanoparticles!into!the!blocks!and!co1assembly!with!the!polymer[81].!This!method!may!create!a!hybrid!system!that!contains!both!the!advantages!of!block!copolymers!as!well!as!the!interesting!mechanical!and!electrical!properties!of!the!nanoparticles.!Works!still!need!to!be!done!to!gain!better!control!of!the!dispersion!of!nanoparticles!within!the!polymer!blocks.!! !Whether!or!not!the!block!copolymer!self1assembly!technique!will!replace!conventional!UV!lithography!and!be!widely!used!in!the!semiconductor!industry!remains!to!be!seen,!but!the!fundamental!research!in!this!area!will!undoubtedly!continue.!!! !
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!!!!!CHAPTER!2!!CONTROL!OF!BLOCK!COPOLYMER!MICROSTRUCTURE!THROUGH!SOLVENT!ANNEALING!
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2.1#Introduction#Block!copolymers!are!known!for!their!ability!to!self1assemble!to!form!different!microstructures[114].!In!diblock!copolymer!systems,!the!microstructures!can!be!spheres,!cylinders,!gyroids!or!lamellae!depending!on!the!volume!fraction!of!one!block!relative!to!another[5].!!These!microstructures!make!block!copolymers!a!promising!template!for!many!research!areas!involving!controlled!nanostructures[61
9].! One!of!the!most!promising!applications!is!to!use!the!self1assembled!pattern!of!a!block!copolymer!as!a!non1photochemical!alternative!means!for!next!generation!lithography[10114].!Currently,!high1resolution!patterning!with!a!goal!of!sub120!nm!dimensions!is!limited!by!the!expensive!optics!of!lithography!tools[15,!16],!while!the!self1assembly!of!block!copolymer!stands!out!with!its!ability!to!form!microstructures!with!5150!nm!feature!size[17].!The!size!of!the!individual!domains,!as!well!as!the!domain!spacing,!can!be!controlled!by!simply!changing!the!molecular!weight!and!composition!of!a!block!copolymer[18120].!With!specially!designed!blocks,!the!block!copolymer!system!can!also!fulfill!various!functionalities.!!The!diblock!copolymer!poly(α1methylstyrene)1block1poly(41hydroxystyrene)!(PαMS1b1PHOST)!is!a!distinctive!material!since!it!can!be!patterned!by!both!self1assembly!techniques!(bottom1up)!and!UV!lithography!(top1down)[21,!22].!The!low!entropy!of!mixing!between!the!two!blocks!leads!to!a!mesoscale!morphology!upon!phase!separation.!Moreover,!the!low!ceiling!temperature!of!the!PαMS!blocks!enables!the!selective!removal!of!the!PαMS!microdomain!and!the!PHOST!blocks!act!as!a!chemically!amplified!photoresist!when!combined!with!photoacid!generators!and!
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cross1linkers.!All!these!properties!offer!the!PαMS1b1PHOST!block!copolymer!system!the!ability!to!form!a!nanoporous!etch!mask!that!can!be!used!to!transfer!the!self1assembled!pattern!to!an!underlying!substrate,!a!so!called!“combination!of!top1down!and!bottom1up!patterning!technique’’.!However,!controlling!the!microstructure!of!block!copolymers!is!a!key!factor!regarding!its!application!in!lithography.!PαMS1b1PHOST!with!an!overall!molecular!weight!of!24!kg/mol!and!mass!fraction!of!PαMS!29%!forms!disordered!perpendicular!cylinder!morphology!upon!spin!coating!from!propylene!glycol!methyl!ether!acetate!(PGMEA)!solution.!For!device!application,!an!in1plane!cylinder!or!sphere!domain!is!required,!so!that!achieving!perpendicular!orientation!of!microdomains!needs!a!special!treatment!to!gain!the!desired!morphology!as!well!as!long1range!order!within!the!block!copolymer!films.!As!described!in!Chapter!1,!the!films!can!gain!long1range!order!through!thermal!annealing[23,!24],!solvent!vapor!annealing[25],!application!of!electric!fields[26],!shear!force[27,!28]!and!the!use!of!chemically!patterned!substrates[29131].!While!thermal!annealing!is!the!most!commonly!used!technique,!PαMS1b1PHOST!is!not!suitable!for!this!method!since!PαMS!has!a!lower!decomposition!temperature!than!its!glass!transition!temperature,!Tg.!The!block!copolymer!will!degrade!before!reaching!its!Tg.!Alternatively,!solvent!vapor!annealing!has!been!shown!to!control!the!spatial!patterns!in!other!polymer!systems[32135].!When!the!solvent!vapor!penetrates!into!the!polymer!film,!the!film!will!swell!and!give!the!polymer!chains!enough!mobility!to!move!around!and!reorient.!This!method!decreases!the!Tg!of!the!system!and!leads!to!phase!separation.!
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Additionally,!the!selectivity!of!solvent!for!different!blocks!allows!further!control!of!the!morphologies!formed!by!the!block!copolymer!film[36,!37].!!Long1range!order!of!the!morphology!is!also!necessary!for!patterning!applications.!Graphoepitaxy,!or!self1aligned!self1assembly,!is!particularly!interesting!because!the!disordered!polymer!morphology!can!be!confined!and!improved!by!a!much!larger!feature!created!by!conventional!photolithography!techniques[38140].!This!confinement!can!induce!micron!scale!ordered!regions!in!the!film.!!
2.2#Experiments#!
2.2.1#Materials#! PαMS1b1PHOST!block!copolymers!(Mn=24!kg/mol,!fPαMS=29%!and!Mn=50!kg/mol,!fPαMS=34%)!were!synthesized!as!reported!previously[22].!Polystyrene!with!a!hydroxyl!terminated!end!group!(PS1OH,!Mn=10!kg/mol,!PDI=1.10)!was!obtained!from!Polymer!Source!and!used!as!received.!!Tetrahydrofuran!(THF),!acetone!and!propylene!glycol!methyl!ether!acetate!(PGMEA)!were!purchased!from!Fisher!Scientific!and!used!as!received.!Single1polished!<100>!silicon!wafers!containing!a!~2nm!native!oxide!layer!were!obtained!from!WRS.!!
2.2.2#Film#Preparation#! Silicon!wafers!were!cleaned!by!oxygen!plasma!using!PT72!reactive!ion!etcher!for!5!min!at!150w,!100!mTorr!and!50!sccm!oxygen.!Solutions!of!1wt%!PS1OH!in!methyl!isobutyl!keytone!(MIBK)!were!spin1coated!onto!the!clean!wafers!(1500!rpm,!
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60s,!500!r/sec2).!!Then!the!wafers!were!pre1baked!at!90!°C!for!60s!and!baked!in!a!vacuum!oven!for!12!hours!at!140!°C.!Excess!polystyrene!was!washed!away!by!soaking!in!toluene!for!2!minutes!and!the!wafer!was!blown!dry!by!stream!of!nitrogen.!PαMS1b1PHOST!was!dissolved!in!PGMEA!(1!wt%!for!Mn=24!kg/mol!and!2!wt%!for!Mn=50!kg/mol)!and!spin1coated!on!top!of!the!polystyrene!brush!layer!(2000!rpm,!60s,!400!r/sec2).!The!wafers!were!then!cut!into!20!mm×!20!mm!pieces!to!prepare!samples!for!solvent!annealing.!! The!solvent!vapor!annealing!was!performed!in!a!1L!desiccator!or!using!the!specially!designed!flow!chamber!(Figure!6.1)[41].!The!amount!of!solvent!and!time!used!for!solvent!annealing!varied!case!by!case.!!!
2.2.3#Trench#preparation#! Topographic!features!on!silicon!wafers!were!created!by!conventional!photolithography!to!help!align!the!block!copolymer!via!geographoepitaxy.!Silicon!wafers!coated!with!photoresists!were!first!exposed!to!a!DUV!pattern!and!then!a!dry!etched!to!create!a!series!of!70!nm!deep!patterns!on!the!silicon!wafers.!Lastly,!the!photoresists!were!stripped!in!an!oxygen!plasma.!Further!details!can!be!found!in!section!2.3.3.a!!!
2.2.4#Characterization#! After!solvent!annealing,!the!samples!were!characterized!by!atomic!force!microscopy!(AFM)!using!either!Veeco!Dimension!3100!at!the!Cornell!Nanobiotechnology!Center!(NBTC)!or!a!Veeco!Icon!at!the!Cornell!Nanoscale!Facility!!
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#
#
#Figure!2.1!Schematic!of!the!flowing!chamber!equipment!for!solvent!vapor!annealing.!(Adapted!from!ref!41.!Copyright!2010!American!Chemical!Society.)!
# #
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(CNF).!The!film!thickness!was!measured!using!a!!Filmetrics!F20!and!Profilometer!P10!at!CNF.!!!
2.3#Results#and#Discussion##
#
2.3.1#Solvent#vapor#annealing#! It!has!been!reported!by!others!that!solvent!vapor!annealing!is!an!effective!method!with!its!ability!to!tune!the!microstructure!of!a!block!copolymer.!When!solvent!vapor!enters!the!block!copolymer!film,!it!will!fully!or!partially!swell!the!polymer!chains!and!give!them!enough!mobility!to!move!and!reorient.!We!observe!parallel!cylinder!domain!orientation!when!polymer!chains!gain!mobility!due!to!swelling!in!THF!(Figure!2.2!b),!a!good!solvent!for!both!polymer!blocks.!In!this!case,!preferential!surface!wetting!by!the!PHOST!block!drives!parallel!domain!orientation.!The!block!copolymer!used!here!has!a!molecular!weight!of!24!kg/mol!and!contains!29%!PαMS!blocks!and!lies!in!the!cylinder!region!of!the!phase!diagram!(Figure!2.2!a).!The!diameter!of!the!cylinders!was!18!nm!and!the!center1to1center!distance!was!22!nm!as!measured!by!AFM.!The!film!thickness!is!28!nm!measured!by!filmetrics.!The!same!morphology!can!be!obtained!using!a!higher!molecular!weight!block!copolymer!(Mn=50!kg/mol)!containing!34%!PαMS!blocks!as!this!composition!also!falls!into!the!region!of!the!cylinder!morphology!on!the!phase!diagram.!! A!unique!advantage!of!solvent!annealing!over!other!methods!is!its!ability!to!control!the!block!copolymer!microstructure!through!choice!of!solvent.!We!find!that!using!the!same!block!copolymer!and!annealing!in!acetone!vapor!gives!spherical!!
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!!Figure!2.2!a)!Schematic!phase!diagram!of!PαMS1b1PHOST.!b)!AFM!height! image!of!PαMS1b1PHOST! after!THF! annealing.! c)!AFM!height! image! of! PαMS1b1PHOST! after!acetone!annealing!!
!!
a 
b 
c 
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morphology!(Figure!2.2!c).!Acetone!is!not!a!good!solvent!for!PαMS!blocks,!though!it!is!a!good!solvent!for!the!PHOST!homopolymer.!Consequently,!acetone!preferentially!swells!the!PHOST!block!in!the!swollen!state!and!induces!an!order1order!transition!from!cylindrical!to!spherical!morphology.!The!resulting!morphology!may!be!kinetically!trapped!in!the!dry!state!when!the!solvents!in!the!films!have!completely!evaporated.!It!is!difficult!to!distinguish!between!perpendicular!cylinder!morphology!and!a!sphere!phase!by!looking!at!the!AFM!image!alone.!However,!it!had!been!shown!by!a!former!group!member!using!grazing!incidence!small1angle!X1ray!scattering!(GISAXS)!that!the!morphology!after!acetone!annealing!is!actually!sphere[36].!We!can!also!get!the!same!spherical!morphology!using!a!higher!molecular!weight!block!copolymer.!!
2.3.2#Solvent#annealing#technique#! Traditionally,!the!solvent!annealing!is!carried!out!in!a!glass!desiccator!or!a!sealed!jar!with!a!certain!amount!of!solvent!placed!in!a!small!petri!dish!cover!at!the!bottom!of!the!chamber.!In!this!setup,!there!are!only!two!parameters!we!can!control,!the!amount!of!solvent!and!the!annealing!(6!ml!and!5.5!h!for!acetone!annealing,!4!ml!and!9!h!for!THF!annealing).!However,!the!temperature!and!pressure!also!affect!the!annealing!process!but!these!are!not!controlled.!!In!order!to!gain!better!control!over!the!film!during!the!solvent!vapor!annealing,!a!former!group!member!designed!and!used!a!special!flow!chamber!(Figure!2.1)[41].!An!in1situ!GISAXS!study!of!the!solvent!vapor!annealing!process!revealed!that!the!film!must!swell!to!a!certain!thickness!in!order!for!the!polymer!chains!to!phase!separate!and!reorient.!The!thickness!of!the!
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film,!measured!by!a!filmetrics!sensor,!can!be!controlled!by!adjusting!the!amount!of!solvent!vapor!inside!the!chamber!through!adjusting!the!nitrogen!flow.!The!smaller!the!nitrogen!flow,!the!more!solvent!inside!the!chamber!which!leads!to!an!increase!in!film!thickness.!!! However,!in!these!experiments!a!much!smaller!molecular!weight!block!copolymer!was!used,!which!forms!a!film!that!is!too!thin!to!be!measured!by!GISAXS.!So!we!tried!different!swelling!ratios!and!measured!the!film!surface!using!AFM!in!order!to!find!the!right!conditions!to!obtain!the!desired!morphology.!Moreover,!since!the!film!is!too!thin!(30160!nm),!it!is!easy!for!it!to!become!unstable!and!form!holes!and!islands!(dewetting)!if!we!increase!the!film!thickness!too!quickly.!The!best!way!is!to!let!the!film!stabilize!for!15!min!after!changing!the!nitrogen!flow,!giving!the!polymer!chains!enough!time!to!reorient.!Figure!2.3!a!shows!an!example!of!THF!annealing!using!the!flow!chamber.!As!we!can!see!from!the!figure,!the!initial!film!thickness!is!30.2!nm!and!when!we!inject!the!solvent!into!the!chamber!the!film!thickness!increases!immediately.!The!flow!meter!is!kept!at!full!flow!rate!for!the!first!five!minutes!and!then!is!decreased!every!fifteen!minutes!to!enable!the!solvent!to!swell!the!polymer!film.!When!the!thickness!reaches!the!target!swelling!ratio!(~160%),!it!is!important!to!carefully!adjust!the!flow!meter!a!little!bit!to!keep!the!thickness!constant!for!at!least!20!minutes.!After!that,!a!rapid!evaporation!of!the!solvent!is!achieved!by!opening!the!chamber!directly!to!trap!the!morphology!into!the!dry!state.!!
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!
!Figure! 2.3! Time! vs.! thickness! profile! and! swelling! ratio! of! a)! THF! and! b)! acetone!annealing.!The!number!on!the!curve!indicates!the!value!on!the!flow!meter!
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An!example!of!thickness!profile!vs.!time!for!acetone!annealing!is!shown!is!Figure!2.3!b.!A!swelling!ratio!of!205!%!is!required!to!allow!the!spherical!morphology!to!form.!It!is!the!same!trend!as!the!THF!annealing!except!for!a!longer!annealing!time!since!acetone!is!a!good!solvent!for!PHOST!blocks!but!not!good!for!the!PαMS!blocks.!!Besides,!as!we!can!see!from!the!figure,!the!film!thickness!is!still!below!the!target!value!when!we!set!the!flow!meter!to!zero.!A!further!increase!of!the!film!thickness!can!be!achieved!by!blocking!the!other!end!of!the!chamber!to!increase!the!amount!of!solvent!inside!the!chamber.!!!!
2.3.3#Graphoepitaxy##! High1resolution!lithography!applications!will!require!both!polymer!domain!registration!and!ordering!within!the!self1assembled!block!copolymer!film.!In!our!experiments!we!prepared!70!nm!deep!trenches!on!silicon!wafer!by!conventional!UV!lithography!and!etching!techniques!to!help!align!the!polymer.!First,!an!anti1reflective!coating!(ARC3)!was!spin1coated!onto!the!silicon!wafer!(4500!rpm,!45s)!and!baked!at!185!°C!for!90s.!Then,!the!photoresist!UV210!was!spin1coated!on!top!of!the!ARC3!layer!(4250!rpm,!60s)!and!baked!at!135!°C!for!60s.!Exposure!step!was!carried!out!on!the!ASML!300C!DUV!Stepper!(245nm,!25!mJ/cm2).!A!post1exposure!bake!at!115!°C!for!90s!is!needed.!After!that,!the!wafer!was!developed!using!a!Hamatech1Steag!wafer!processor!(MIF!726!for!60s).!Profilometer!gave!a!thickness!of!400!nm!for!the!resist!layer!and!100!nm!for!the!ARC3!layer.!!Then!an!argon/oxygen!etch!was!performed!to!etch!away!the!ARC3!layer!using!Oxford!81!etcher!(42.5!sccm!Ar,!7.5!sccm!O2,!15!mTorr,!75!W,!120!s).!The!wafer!was!tested!
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again!on!profilometer!to!maker!sure!no!ARC3!layer!was!left.!A!sequential!etching!steps!on!the!PT72!etcher!was!performed!to!created!trenches!on!silicon!wafer.!First,!a!12!min!CF4!etch!(30!sccm!CF4,!50w,!40!mTorr)!was!performed!to!get!a!70!nm!deep!trenches,!and!a!5!min!oxygen!plasma!etch!was!followed!to!remove!all!the!photoresist!and!create!hydroxyl!end!group!on!the!silicon!wafer!for!bonding!with!the!PS1OH!brush.!! The!surface!functionalization!of!the!substrate!with!PS1OH!brush!is!also!a!crucial!factor!to!get!long1range!order!of!the!polymer!domain[42].!A!dehydration!process!happens!between!the!hydroxyl!end!group!on!the!polystyrene!brush!and!the!silicon!wafer!during!an!overnight!baking!at!140!°C,!and!leaves!a!thin!layer!(~5!nm)!of!PS!brush!prior!to!PαMS1b1PHOST!deposition!in!order!to!achieve!preferential!wetting!by!the!PαMS!minority!block!to!avoid!pinning!effects.!The!same!solution!and!spin!speed!for!the!24!kg/mol!block!copolymer!were!used!here.!We!observed!registration!of!parallel1oriented!cylinder!domains!upon!THF!annealing!(Figure!2.4!a),!while!films!deposited!on!untreated!substrate!do!not!self1align!to!the!patterned!substrate!upon!THF!annealing!(Figure!2.4!b).!Solvent!annealing!in!acetone!rather!than!THF!results!in!aligned!hexagonal!arrays!of!dots!(Figure!2.4!c).!We!have!achieved!an!almost!defect1free!domain!alignment!of!parallel!cylinder!(figure!2.5!a)!or!spheres!(Figure!2.5!b)!within!micro!scale!images.!Patterns!were!consistent!over!all!areas!of!the!wafer.!!
2.3.4#Selective#removal#of#the#PαMS#blocks#!
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!Figure!2.4!AFM!phase!image!of!a)!parallel!cyinder!in!a!PS1OH!treated!silicon!trench,!b)!random!cylinders!on!un1treated!substrate!and!c)!ordered!sphere!morphology.!! !
a 
b 
c 
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!
!Figure!2.5!AFM!phase!images!of!the!block!copolymer!films!annealed!in!a)!THF!and!b)!acetone!with!also!defect1free!morphology!in!micro!scale.!! !
a 
b 
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! One!of!the!most!important!features!of!the!PαMS1b1PHOST!block!copolymer!system!is!the!ability!to!selectively!remove!the!PαMS!domain!to!create!a!nanoporous!etch!mask!with!potential!for!device!fabrication.!The!reason!for!this!is!the!low!ceiling!temperature!of!PαMS!(Tc~65!°C),!above!which!the!polymer!thermodynamically!prefers!to!exist!as!monomers[43],!so!it!is!generally!impossible!to!polymerize!the!α1methyl!styrene!above!its!Tc.!In!this!experiment!we!used!an!UV/Ozone!cleaner!to!selectively!remove!the!PαMS!domain.!The!sample!film!with!cylinder!morphology!(Figure!2.6!a)!was!heated!at!80!°C!while!exposing!the!block!copolymer!to!vacuum!ultraviolet!radiation!and!an!oxygen1rich!environment.!The!temperature!is!enough!to!bring!the!α1methyl!styrene!above!its!Tc,!while!the!atomic!oxygen,!which!formed!by!UV!radiation!of!oxygen!molecules,!reacts!with!the!polymer!to!form!free!radicals!that!accelerate!the!degradation!of!PαMS.!The!byproducts!are!carbon!dioxide!and!water!vapor,!which!are!purged!from!the!chamber.!A!simple!soak!in!ethanol!afterwards!was!performed!to!effectively!remove!the!degraded!α1methyl!styrene!oligomers.!!! The!etch!rate!of!the!PαMS!domain!is!about!twice!of!the!PHOST!domain!(10!nm/!min!and!5!nm/min!for!PαMS!and!PHOST,!respectively).!AFM!amplitude!images!as!well!as!cross1section!contrast!profiles!after!UV/Ozone!treatment!are!shown!in!Figure!2.6!b.!We!can!see!that!the!contrast!between!the!two!domains!has!been!greatly!improved.!!
2.4#Conclusions#! We!have!demonstrated!here!the!ability!to!control!the!microstructure!as!well!as!the!domain!registration!using!the!PαMS1b1PHOST!diblock!copolymer!system.!!
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!!Figure!2.6!AFM!amplitude! images!of! the!block!copolymer!a)!before!and!b)!after!4!min!UV/Ozone!treatment.!The!images!on!the!right!show!the!cross1section!contrast!profile!of!the!selected!area.!! !
a 
b 
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Different!microstructures!can!be!achieved!by!annealing!the!block!copolymer!films!in!selective!solvent!vapors.!Aligning!the!morphology!within!trenches!helps!the!film!to!gain!long1range!order!and!domain!registration.!In!addition,!one!of!the!domains!can!be!selectively!removed!to!create!a!nanoporous!etch!mask!to!allow!thansfer!of!the!self1assembled!pattern!to!the!substrate.!This!combination!of!lithographic!patterning!and!self1assembly!of!block!copolymer!processes!suggests!a!possible!new!method!for!future!device!fabrication.!!!
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!!!!!!CHAPTER!3!!PATTERNING!MULTIPLE!BLOCK!COPOLYMERS!USING!!ORTHOGONAL!PROCESSING!! !
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3.1#Introduction#! We!have!demonstrated!the!ability!of!block!copolymer!to!self1assemble!to!form!controlled!microstructures.!The!use!of!these!microstructures!for!patterning!holds!much!promise!as!an!alternative!for!high1resolution!lithography!of!future!microelectronic!devices[1].!However,!this!approach!is!limited!by!the!ability!of!selective1area!patterning!of!more!than!one!self1assembled!morphology!of!several!block!copolymers!within!a!single!layer.!There!have!been!several!reports!showing!control!of!two!domain!orientations!with!a!single1phase!morphology!or!even!two!morphologies!within!a!block!copolymer.!For!example,!surface1neutralizing!techniques!have!been!used!extensively!in!patterning!poly!(styrene1block1methyl!methacrylate)!(PS1b1PMMA)!to!gain!both!perpendicular!and!parallel!orientations!of!cylindrical!or!lamellar!morphology[218].!Our!former!group!members!have!developed!a!“lock!and!switch”!technique!in!which!the!block!copolymer!can!be!selectively!cross1linked!when!adding!photoacid!generator!(PAG)!and!cross1linkers!and!exposing!the!combination!to!UV!light[9].!The!unexposed!block!copolymer!film!can!be!re1annealed!in!another!solvent!to!switch!to!a!different!morphology!while!the!cross1linked!areas!retain!their!original!morphology.!However,!such!methods!are!still!limited!by!using!only!one!block!copolymer!to!achieve!the!desired!results.!Patterning!of!block!copolymers!with!different!compositions!or!chemistries,!which!offers!much!more!versatile!control!of!the!self1assembled!patterns,!is!traditionally!not!applicable!due!to!damage!and!intermixing!caused!by!the!spin!coating!of!a!second!polymer!solution!on!top!of!the!first!polymer!film.!
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! A!new!technique!has!been!developed!in!our!group!that!may!solve!the!intermixing!problem!of!patterning!multiple!polymers!by!using!a!fluorinated!photoresist!and!solvent!system[10112].!The!fluorinated!materials!and!solvents!are!typically!immiscible!with!organic!solvents!and!water,!and!are!used!to!form!overlaying!stacks!in!functional!organic!electronic!devices!with!excellent!performance!and!stability[13,!14].!By!substituting!the!traditional!photoresist!with!fluorinated!photoresist,!which!can!also!be!patterned!by!conventional!UV!lithography,!the!underlining!block!copolymer!can!retain!its!morphology!as!there!is!little!or!no!intermixing!between!the!resist!and!the!polymer!layers.!In!addition,!the!developing!and!stripping!solvents!used!here!do!not!harm!the!block!copolymer!layer.!We!term!this!“orthogonal!processing”!and!the!concept!allows!for!deposition!of!multiple!block!copolymers,!with!different!sizes!and!pitches,!adjacent!to!each!other!on!the!same!layer.!! At!the!end!of!the!last!chapter,!we!also!demonstrated!the!ability!to!control!the!alignment!and!long1range!order!within!the!polymer!films!by!creating!trench!features!on!the!substrates!prior!to!the!deposition!of!block!copolymers.!This!method!can!be!combined!with!orthogonal!processing!techniques!to!create!ordered!microdomains!with!different!morphologies!within!a!single!polymer!layer.!Due!to!the!ability!to!selectively!remove!one!block!of!the!block!copolymer[15],!the!self1assembled!pattern!can!be!further!transferred!to!the!silicon!substrate!by!a!short!etch!step!to!create!paths!for!semiconductor!device!fabrication.!This!orthogonal!patterning!process!may!also!be!applicable!to!other!functional!polymer!systems.!!
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3.2#Experiments#
#
3.2.1#Materials#! PαMS1b1PHOST!block!copolymers!(Mn=24!kg/mol,!fPαMS=29%!and!Mn=50!kg/mol,!fPαMS=34%)!were!synthesized!as!reported!previously[15].!Polystyrene!with!a!hydroxyl!terminated!end!group!(PS1OH,!Mn=10!kg/mol,!PDI=1.10)!was!obtained!from!Polymer!Source!and!used!as!received.!Triphenyl!sulfonium!triflate!(TPST)!photoacid!generator!was!obtained!from!Aldrich!and!used!as!received.!Tetramethoxymethylglycouril!(TMMGU,!“powerderlink!1174”)!was!donated!by!Cytec!Industries.!The!fluorinated!photoresist!(OSCoR!2312)!and!hydrofluoroether!(HFE)!solvents!(Ortho!Stripper!700!and!Ortho!developer!100)!were!obtained!from!Orthogonal!Inc.!Tetrahydrofuran!(THF),!acetone!and!propylene!glycol!methyl!ether!acetate!(PGMEA)!were!purchased!from!Fisher!Scientific!and!used!as!received.!Single1polished!<100>!silicon!wafers!containing!a!~2nm!native!oxide!layer!were!obtained!from!WRS.!!
3.2.2#Film#Preparation#! Silicon!wafers!with!trenches!were!prepared!by!conventional!photolithography!methods!as!described!in!chapter!2.!PS1OH!brushes!were!spin1coated!on!to!the!wafers!and!baked!overnight.!Block!copolymer!PαMS1b1PHOST!dissolved!in!PGMEA!(1!wt%!for!Mn=24!kg/mol!and!2!wt%!for!Mn=50!kg/mol)!was!mixed!with!1.5!wt.%!TPST!photoacid!generator!and!4!wt.%!TMMGU!cross1linker!relative!to!the!weight!of!the!polymer.!Polymers!with!lower!molecular!weights!
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(Mn=24!kg/mol)!were!spin1coated!on!top!of!the!polystyrene!layer!and!solvent!annealed!in!the!flow!chamber!as!described!in!last!chapter!also[16].!! After!solvent!annealing,!the!block!copolymer!was!exposed!to!254!nm!UV!light!(dose=360!mJ/cm2)!for!10!min!and!baked!at!115!°C!for!60!s!to!accelerate!the!acid!catalyzed!crosslinking!reaction.!!
3.2.3#Deposition#and#Patterning#of#the#Orthogonal#Photoresist#! OSCoR!2312!photoresist!was!spin1coated!on!top!of!the!cross1linked!block!copolymer!film!(2000!rpm,!60s,!400!r/sec2)!to!yield!a!thickness!of!1000!nm.!The!sample!was!pre1baked!at!115!°C!for!60!s!and!exposed!to!365!nm!UV!radiation!using!an!ABM!Contact!Aligner!for!20!s.!After!exposure!the!film!was!baked!at!115!°C!to!accelerate!the!acid!diffusion!and!developed!in!Ortho!700!for!120!s!to!remove!the!unexposed!photoresists.!Oxygen!plasma!etching!was!performed!using!an!Oxford!81!Etcher!for!30!s!to!etch!through!the!first!block!copolymer!film!while!also!etching!the!top!few!hundreds!nanometers!of!the!photoresist.!HMDS!priming!treatment!of!the!exposed!photoresist!pattern!was!performed!in!a!Yield!Engineering!Systems!(YES1LPIII)!vacuum!oven.! !!
3.2.4#Deposition#of#the#second#block#copolymer#film#! PS1OH!brush!dissolved!in!cyclohexane!(0.5!wt.%)!was!spin1coated!on!top!of!the!silicon!wafer!and!baked!at!90!°C!for!60s.!Excess!brush!was!washed!away!in!cyclohexane!for!120!s!and!a!higher!molecular!weight!block!copolymer!(Mn=50!!! !
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!!Figure!3.1!Schematic!of!the!orthogonal!patterning!process!! !
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!kg/mol)!was!spin1coated!on!the!wafer.!Then!the!photoresist!was!stripped!away!in!Orthogonal!100!Stripper!for!10!minutes.!Solvent!annealing!followed!by!a!UV!irradiation!was!performed!to!achieve!the!morphology!within!the!second!block!copolymer!film.!!
3.2.5#Characterization#! After!solvent!annealing,!the!samples!were!characterized!by!atomic!force!microscopy!(AFM)!using!either!Veeco!Dimension!3100!at!Cornell!Nanobiotechnology!Center!(NBTC)!or!Veeco!Icon!at!Cornell!Nanoscale!Facility!(CNF).!The!film!thickness!was!measured!by!Filmetrics!F20!and!Profilometer!P10!at!CNF.!!
3.3#Results#and#Discussions#! A!schematic!drawing!of!the!process!flow!is!shown!in!Figure!3.1.!! !
3.3.1#Solvent#annealing#and#crosslinking#of#the#first#block#copolymer#film#! The!orthogonal!patterning!process!requires!two!independent!solvent!annealing!steps!and!there!are!two!potential!challenges!to!achieve!a!good!result:!1)!the!first!block!copolymer!film!may!be!damaged!by!the!solution!used!when!depositing!the!second!block!copolymer!and!2)!the!first!block!copolymer!region!will!also!swell!during!the!solvent!annealing!process!of!the!second!block!copolymer!and!thus!the!morphology!of!the!first!block!copolymer!will!be!lost.!To!solve!the!first!problem,!we!can!apply!a!layer!of!fluorinated!materials!to!avoid!the!intermixing!
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between!the!different!polymer!layers.!!And!the!second!problem!can!be!solved!by!“locking”!in!the!morphology!of!the!first!block!copolymer!film!by!using!a!UV!crosslinking!technique[15].!!! The!PHOST!blocks!are!designed!as!a!negative1tone!photoresist!when!combined!with!TPST!as!photoacid!generator!(PAG)!and!TMMGU!as!cross1linker[171
19].!The!detailed!crosslinking!reaction!is!shown!in!Figure!3.2.!In!general,!exposure!to!248!nm!UV!radiation!triggers!the!acid!generation!of!the!PAG,!which!will!attack!the!oxygen!atom!of!the!methoxy!group!of!the!TMMGU.!The!formation!of!a!carbocation!will!further!attack!the!hydroxyl!group!of!PHOST!to!complete!the!crosslinking!process.!This!crosslinking!chemistry!only!takes!place!in!the!PHOST!matrix,!but!it!can!successfully!lock!the!morphology!within!the!polymer!film,!which!will!not!change!upon!annealing!in!another!solvent!vapor.!What!It!is!also!important!in!this!method!is!to!add!a!small!enough!amount!of!PAG!and!cross1linker!such!that!they!do!not!affect!the!self1assembly!behavior!of!the!block!copolymer.!The!same!cylindrical!(Figure!3.3!a)!and!spherical!(Figure!3.3!b)!morphologies!were!successfully!achieved!using!block!copolymers!contain!PAG!and!cross1linker!with!the!same!solvent!annealing!conditions!described!in!the!last!chapter.!Figure!3.4!c!shows!that!a!block!copolymer!first!annealed!in!acetone!solvent!vapor!and!then!in!THF!solvent!vapor!remains!in!the!spherical!morphology,!proving!that!the!crosslinking!reaction!of!the!PHOST!matrix!was!successful.!!
3.3.2#Subtractive#patterning#of#the#first#block#copolymer#! !
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!!!!!!!!
!!Figure!3.2!Proposed!cross1linking!mechanism!of!the!PHOST!blocks!! !
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!!
!!Figure! 3.3! AFM!phase! images! of! the! block! copolymers! containing! PAG! and! cross1linkers!after!annealing!in!a)!THF!and!b)acetone!
a 
b 
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!!Figure!3.4!a)!Block!copolymer!annealed!in!acetone!vapor!forms!sphere!morphology.!b)!Sphere!morphology!remains!after!lift1off!photoresist!in!HFE!solvent.!c)!Re1anneal!in!THF!doesn't!change!the!spherical!morphology.!
a 
b 
c 
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To!make!sure!the!fluorinated!photoresist!and!solvent!do!not!dissolve!or!damage!the!delicate!morphology!of!the!self1assembled!block!copolymer!film,!a!sample!was!annealed!in!acetone!vapor!and!cross1linked!via!UV!radiation!spin1coated!fluorinated!photoresist!and!then!put!into!one!of!the!stronger!hydrofluoroether!solvents,!HFE!7600,!for!two!minutes!to!lift1off!the!resist.!As!we!can!see!from!Figure!3.4!b,!the!spherical!morphology!has!been!retained!and!looks!just!like!the!original!structure!(Figure!3.4!a).!!! !The!patterning!of!the!OSCoR!2312!fluorinated!photoresist!was!performed!on!an!ABM!Contact!Aligner!using!365!nm!UV!radiation.!The!acid!generated!from!the!photoacid!generating!molecule!mixed!with!the!resist!deprotects!upon!UV!radiation!the!tert1butyl!groups!on!the!photoresist!and!transforms!the!polymer!into!an!HFE1phobic!material.!The!unexposed!photoresist!is!then!washed!away!in!Orthogonal!700!developer!to!open!windows!for!the!subsequent!oxygen!plasma!etching!step.!In!this!experiment,!a!mask!containing!squares!and!rectangules!of!different!sizes!was!used.!Optical!microscopy!images!of!the!wafers!after!developing!are!shown!in!Figure!3.5.!As!we!can!see!from!the!figure,!the!squares!are!much!larger!than!the!previous!trenches!and!cover!some!parts!of!the!trenches.!Since!it!is!difficult!to!do!alignment!patterning!using!the!ABM,!the!edges!of!the!squares!are!not!perfectly!orthogonal!to!the!trenches.!!! The!etching!step!was!performed!on!the!Oxford!81!etcher!for!30!s!to!make!sure!that!no!block!copolymer!was!left!in!the!unexposed!region!and!a!sufficient!amount!of!OSCoR!2312!remained!to!protect!the!first!block!copolymer!layer!when!!!
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!
!Figure!3.5!Optical!microscopy!images!of!the!fluorinated!resist!features!on!top!of!the!trenches!in!silicon!after!developing!in!HFE!solution!to!wash!away!the!unexposed!regions!(lighter!parts).!!
#
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spin1coating!the!second!block!copolymer.!An!approximately!850!nm!thick!photoresist!layer!is!left!after!etching!as!measured!by!AFM.!!!
3.3.3#HMDS#treatment#of#the#photoresist#! We!found!that!a!hexamethyldisilazane!(HMDS)!vapor!priming!treatment!is!required!of!the!exposed!photoresist!prior!to!the!deposition!of!the!second!block!copolymer!for!two!reasons.!First,!the!UV!triggered!chemistry!reaction!has!changed!the!photoresist!into!HFE1phobic,!so!it!is!important!to!restore!HFE!solubility!in!order!for!the!OSCoR!2312!to!be!lifted1off!in!HFE!solutions[10].!!Second,!the!reaction!of!photoresist!with!HMDS!vapor!creates!a!more!hydrophobic!surface!that!will!prevent!the!adhesion!of!the!second!block!copolymer!during!the!spin!coating!in!order!for!a!complete!removal!of!the!photoresist.!!!
3.3.4#Additive#Patterning#of#the#second#block#copolymer#! Before!deposition!of!the!second!block!copolymer,!a!similar!polystyrene!brush!treatment!of!the!surface!is!performed!by!spin!coating!PS1OH!from!cyclohexane[20].!An!overnight!bake!is!no!longer!applicable!since!140!°C!is!high!enough!to!degrade!the!first!block!copolymer.!So!a!short!bake!at!90!°C!for!60!s!was!instead!used!to!bond!as!much!polystyrene!brush!to!the!wafer!surface!as!possible.!Here!a!poor!wetting!behavior!of!the!polystyrene!solution!on!the!HMDS!primed!silica!surface!was!observed!since!the!HMDS!vapor!also!reacts!with!the!wafer!surface!and!makes!it!more!hydrophobic.!However!this!is!not!a!serious!problem!since!most!areas!of!the!
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film!are!good!and!were!able!to!be!used!to!preferentially!wet!the!PαMS!blocks!of!the!second!block!copolymer.!After!washing!the!excess!polystyrene!in!cyclohexane,!the!second!block!copolymer!(Mn=50!kg/mol)!was!spin1coated!on!top!of!the!polystyrene!brush!layer.!The!only!interaction!of!the!PGMEA!and!the!cross1linked!first!block!copolymer!occurs!at!the!sidewalls!of!the!first!block!copolymer!film,!which!should!not!cause!any!significant!swelling!of!the!microdomains.!!Lift1off!of!the!photoresist!must!be!done!prior!to!the!solvent!annealing!step!because!the!solvent!vapor!will!react!with!the!fluorinated!photoresist!and!make!it!hard!to!strip!later.!However,!we!still!observed!a!longer!stripping!time!(up!to!10!min)!of!the!fluorinated!photoresist!after!deposition!of!the!second!block!copolymer,!probably!due!to!a!small!amount!of!block!copolymer!film!covering!the!top!of!the!photoresist!layer!and!blocking!the!entry!of!the!stripper!solvent!into!the!resist.!In!addition!to!the!solvent!lift1off!process,!flushing!the!wafer!with!stripping!solvent!for!several!minutes!is!needed!to!completely!remove!all!the!photoresist,!leaving!the!first!and!second!block!copolymer!regions!adjacent!to!each!other!within!a!single!layer.!!The!second!solvent!annealing!step!is!performed!in!acetone!vapor!using!the!flow!chamber!described!in!the!previous!chapter.!The!initial!thickness!measured!by!the!Filmetrics!device!is!66.9!nm!and!the!film!is!swelled!to!a!thickness!of!137.5!nm!(205!%)!to!gain!the!desired!morphology!in!the!uncross1linked!region!of!the!second!block!copolymer.!After!solvent!annealing,!the!film!was!exposed!to!254!nm!UV!radiation!for!10!min!and!baked!at!115!°C!for!60!s!to!cross1link!and!lock!the!morphology.!!
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!!Figure!3.6!a)!Optical!microscopy!of!the!patterns.!b)!AFM!phase!taken!at!the!edge!of!the!two!block!copolymer!regions.!c)!AFM!phase!image!shows!the!morphology!in!the!first! block! copolymer! region! (pink! squares).! d)! AFM! phase! image! shows! the!morphology!in!the!second!block!copolymer!region!(lighter!parts).!! !
!
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AFM!images!of!the!respective!block!copolymer!morphologies!located!in!each!region!of!the!wafer!are!shown!in!Figure!3.6.!Here!we!used!two!block!copolymers!with!different!molecular!weights,!but!that!yield!the!same!spherical!morphology!to!demonstrate!the!ability!to!pattern!multiple!block!copolymers!within!one!layer.!The!size!of!the!self1assembled!patterns!are!determined!by!the!molecular!weight,!and!thus!in!the!first!block!copolymer!region!(Figure!3.6!c),!the!diameter!of!the!spheres!is!!~18!nm!compared!to!the!much!larger!spheres!(~30!nm)!in!the!second!block!copolymer!region!(Figure!3.6!d).!Figure!3.6!b!shows!an!AFM!image!taken!on!the!edge!between!the!two!block!copolymer!regions!and!clearly!demonstrates!two!different!sizes!of!microdomains!that!are!adjacent!to!each!other!on!the!same!layer!without!significant!intermixing.!!The!morphology!of!the!first!block!copolymer!region!is!not!as!clear!since!the!film!had!been!soaked!and!flushed!in!HFE!solution!for!a!long!time.!This!could!potentially!be!solved!by!finding!another!patterning!step!on!tools!other!than!ABM!to!lower!the!dose!used!and!make!the!photoresist!easier!to!lift1off!after!patterning.!Future!work!can!be!done!by!creating!two!different!morphologies!(cylinder!and!sphere)!within!one!layer,!and!transferring!the!patterns!to!the!substrate!after!removing!of!the!PαMS!blocks.!!
3.4#Conclusion#! Here!we!demonstrate!a!novel!patterning!process,!which!allows!for!patterning!multiple!block!copolymers!with!different!sizes!and!pitches!adjacent!to!each!other!within!a!single!layer!without!damaging!or!intermixing.!The!morphology!is!first!
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cross1linked!and!locked!by!a!UV!triggered!crosslinking!reaction!by!adding!a!small!amount!of!PAG!and!cross1linker.!And!then!a!fluorinated!photoresist!and!solvent,!which!neatly!bypass!the!intermixing!problem!between!different!layers,!are!used!to!create!windows!in!the!first!block!copolymer!layer.!The!second!block!copolymer!is!spin1coated!to!cover!those!areas!and!solvent!annealed!to!gain!the!desired!morphology.!This!orthogonal!patterning!method!could!be!applied!to!other!block!copolymer!systems!and!expands!the!potential!of!the!block!copolymer!self1assembly!application!in!device!fabrication.!!
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